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a b s t r a c t
Although deployments of grid-scale stationary lithium ion battery energy storage systems are accelerating, the
environmental impacts of this new infrastructure class are not well studied. To date, a small literature of environmental life cycle assessments (LCAs) and related studies has examined associated environmental impacts, but
they rely on a variety of methods and system boundaries rather than a consistent approach. The large LCA literature of transportation applications of LIB contains selected life-cycle inventory data relevant for stationary ESSs,
but does not incorporate characteristics unique to stationary systems, such as balance of system materials; operational proﬁles; and perhaps even different end-of-life (EOL) phase needs. This critical literature review surveys
the existing studies on grid-scale stationary LIB ESS, and highlights research gaps concerning comprehensive environmental impacts. Further analysis speciﬁc to grid-connected LIB systems – encompassing use phase (battery
operation) and EOL, in addition to production phase – is required for a robust assessment of environmental impacts of grid-connected energy storage in LIB systems. For example, thus far studies that systematically evaluate
the consequential impact of storage system operation have been focused on energy arbitrage and frequency regulation applications. Future work should consider the impact of ESS providing other grid services as well. Although EOL costs and impacts for stationary LIB ESSs are an important consideration for prospective asset
owners and key users of grid-scale ESS (such as electric utility companies and project developers), they are not
yet addressed in the literature.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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Abbreviations: BMS, battery management system; BOS, balance-of-system; CED, cumulative energy demand; CERCLA, U.S. Comprehensive Environmental Response, Compensation,
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aluminum cobalt; NCM-Si(n), nickel cobalt manganese silicon; NiCd, nickel cadmium; NMC, nickel manganese cobalt; NMC-C, nickel manganese cobalt cobalt; NTSB, National
Transportation Safety Board; NOX, nitrogen oxides; PbA, lead acid; PHEV, plugin hybrid electric vehicle; TIO, titanium oxide; TRACI, Tool for the Reduction and Assessment of Chemical
and other environmental Impacts; U.S., United States; VOC, volatile organic compound; VKT, vehicle kilometers traveled; VRFB, vanadium redox (ﬂow) battery; VRLA, valve-regulated
lead acid; ZnBr, zinc bromine.
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Fig. 1. Cumulative U.S. front-of-meter energy storage deployments. Data: [1].
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Grid-connected energy storage system (ESS) deployments are accelerating (Fig. 1). The underlying factors driving this trend – including the
falling cost of lithium ion battery (LIB) systems, electricity market developments, and the continuing growth of wind and solar generation capacity – are likely to remain in place for several years to come. As the
number and size of grid-scale ESSs continues to increase in coming
years, a comprehensive and realistic understanding of their likely environmental impact will be increasingly important.
This acceleration in grid-scale ESS deployments has been enabled by
the dramatic decrease in the cost of lithium ion battery storage systems
over the past decade (Fig. 2). As a result of this decrease, energy storage
is becoming increasingly cost-competitive with traditional grid assets
(such as fossil-fueled power plants) for utility companies addressing various needs including reserve capacity, frequency regulation, and transmission investment deferral. Electric utility companies and public
utilities commissions are also exploring energy storage as an economical
alternative to investing in transmission and distribution infrastructure
[2,3,4,5]. Energy storage has potential to enhance the economic value of

distribution-connected photovoltaic generation [6,7]. LIBs are expected
to see further cost reductions [8], which may lead them to become increasingly cost-effective for a variety of grid services [9]. This will likely
lead to further growth in deployments of grid-connected LIB systems.
In parallel with these market developments, policy measures in an
increasing number of jurisdictions aim to increase energy storage
deployments through economic incentives or explicit deployment targets. Massachusetts and California have studied the role of bulk energy
storage [11,4]; these are among the six states that have legislated energy storage deployment targets (Table 1). The Nevada Public Utilities
Commission has recently evaluated procurement targets for energy
storage by studying the beneﬁts of grid-connected ESSs [12].
The range of revenue opportunities offered in organized electricity
markets will strongly inﬂuence the market opportunity for energy storage. In 2018, the U.S. Federal Energy Regulatory Commission (FERC)

Lithium-ion battery pack price ($/kWh)

1. Introduction

Transportation

Stationary

Observed price

18% learning rate

Fig. 2. Lithium ion battery pack-level costs, observed and projected (based on 18% learning
rate); and projected Li ion battery demand. Data: [10].
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Table 1
State and provincial energy storage procurement targets in North America.
Region

Year initiated

Legislation

Implementing agency

Procurement targets

California

2013

AB 2514 (2011)

Colorado
Massachusetts

2019
2017
2018
2018
2018
2014
2015

SB 18-09 (2018)
H 4568 (2016)
H 4857 (2018)
A-3723 (2018)
A 5671 (2017)

California Public Utilities Commission
California Energy Commission
Colorado Public Utilities Commission
Department of Energy and Resources
Department of Energy and Resources
Board of Public Utilities
New York Public Service Commission
Ontario Power Authority
Oregon Public Utilities Commission

1325 MW procured by 2020
Self-deﬁned with board approval
Up to 15 MW per utility
200 MWh by 2020
1 GWh by 2025
600 MW by 2021; 2 GW by 2030
1.5 GW by 2025; 3 GW by 2030
50 MW procured in 2014
At least 5 MWh and up to 1% of 2014 peak load by 2020

New Jersey
New York
Ontario
Oregon

HB 2193

clariﬁed that energy storage is a full participant in wholesale electricity
markets, as both a seller and a buyer, alongside conventional participants [13]. This development may facilitate further deployment of
grid-scale energy storage in areas where it is economically competitive
but had previously been hindered by regulatory ambiguity.
Lithium ion batteries (LIBs) are the dominant technology in recent
grid-connected ESS deployments [14,15]. While a variety of technologies are commercialized for grid-scale energy storage [16,17], LIBs are
currently more mature than other large-scale energy storage technologies, with extensive deployments and well-established supply chains.
LIB is unique among other large-scale energy storage technologies in
that it shares the economies of large-scale production driven by a separate major market, electric vehicles (EVs). This is an important factor
driving the dramatic cost declines for LIB in recent years. In addition,
key stakeholders in grid-scale deployments – utility companies, regulators, battery vendors, and system integrators – are now gaining signiﬁcant working experience with LIB grid-scale ESS. LIB is therefore likely
to continue as a dominant technology for grid-scale stationary energy
storage applications in coming years.
Comprehensive environmental impact assessment of grid-connected stationary LIB ESSs has not received sufﬁcient scientiﬁc inquiry.
Although a substantial and growing literature examines the impacts of
LIB production [18], the subsequent stages of the life cycle – the use
phase and end-of-life (EOL) phases of the storage system – are not
sufﬁciently addressed. Some recent reports that examine use phase
impacts have suggested that “economic operation” of grid-connected
electrochemical batteries can result in net increase in greenhouse gas
(GHG) emissions, and changes in emissions of National Ambient Air
Quality Standard criteria pollutants (e.g. particulate matter, NOx, and
SO2) [19-22]. These results highlight the importance of modeling the
range of environmental impacts during the use phase of grid-scale
ESS. They underscore that the choice of operational proﬁle can inﬂuence
the sign and magnitude of their environmental/climate impact. These
recent studies use a variety of different analytical approaches, scopes,
and energy storage use cases. A careful review is warranted to clarify
their general relevance for real world scenarios and to highlight best
practices.
Currently, ESS owners and other stakeholders have only limited realworld experience with EOL pathways for grid-scale ESS, because most
existing systems have been installed within the last ﬁve years and are
still within their expected service lifetimes (typically 10 years). However, as these systems reach the end of service in coming years, the
cost and environmental impacts associated with their decommissioning
and disposal, recycling, or reuse will become an increasingly pressing
concern for their owners [23]. Despite the limited real-world experience
on which to base life cycle inventories, early LCA studies have estimated
the environmental impacts from the EOL phase [24,25]. However, it is
not clear to what extent these studies are representative of real world
EOL scenarios for stationary ESSs. With deployments of grid-connected
LIB ESSs increasing, an assessment of the state of knowledge of environmental impacts is timely.
This critical review surveys the LCA literature relevant for grid-connected stationary LIB ESS, with particular attention to the full product

life cycle, including use phase and end-of-life. Its goal is to survey the
modeling of use phase and EOL phase in the existing literature, summarizing the approaches and major ﬁndings of prior research, and metrics
that are well represented in existing studies. This review is speciﬁcally
focused on grid-connected stationary LIB ESS, which are the focus of
all sections except where otherwise speciﬁed. Key knowledge gaps, particularly relating to end-of-life pathways, are identiﬁed as a guide to future work.
2. Methods
Relevant LCA studies were identiﬁed by searching three key word
combinations “lithium,” “lithium-ion,” “Li-ion;” plus “battery,” “batteries,” and “storage;” with “life cycle assessment,” and “LCA.” The literature search was not restricted by “stationary”, “grid scale” or “grid
connected” as keywords. Thus, LCA studies focused on either transportation or stationary applications were included among the studies
reviewed for relevance. Two article databases were searched: Science
Direct and Google Scholar. Any LCA older than 15 years was eliminated,
and any more than ten years was treated with caution to ensure it reﬂects current knowledge (such as on LIB designs). Overall, 61 studies
were identiﬁed as potentially relevant to this review. A table of all 61
studies reviewed is attached as Appendix A, following the complete
list of references cited in the manuscript.
We reviewed each study to identify: (1) the study system boundary;
(2) study scope; (3) data sources; (4) functional unit(s); and (5) general ﬁndings. Model methods for life cycle stages considered were compared, and the source of data for each life cycle stage noted. Studies that
included EOL in the study system boundary (N = 28) were also
reviewed to capture key criteria important to characterizing the environmental impacts unique to LIB end of life.
3. Critical review of environmental LCAs for grid-scale stationary LIB
ESSs
3.1. LCA studies of stationary LIB ESS
Our literature search identiﬁed only six LCA studies of grid-scale LIB
ESS (Table 2). Here, we brieﬂy survey the design of these studies, as well
as some key results.

Table 2
Life cycle phases included in LCA studies of grid-scale stationary LIB ESS.
Study

Ryan et al. [26]
Vandepaer et al. [27]
Baumann et al. [28]
Hiremath et al. [29]
McManus [30]
Rydh and Sandén [31]

Life cycle phases included
Production

Use

EOL

✓
✓
✓
✓
✓
✓

✓
✓
✓
✓
–
–

✓
✓
–
–
–
–
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These six studies encompass a variety of system scopes. Four of these
assess both cradle-to-gate and use-phase phase impacts [26,27, 28,29].
In contrast, McManus [30] is restricted to a cradle-to-gate boundary;
Rydh and Sanden [31] is also restricted to production, but also includes
transport within this boundary. Only two existing studies incorporate
all three phases of the product life cycle (Table 2). Note that for each
life cycle phase, different studies typically use different approaches
and assumptions.
Here we brieﬂy review key features of these six LCA studies, including data sources for materials inventory and system load; functional
unit; service provided by the ESS; and highlights of the results. Several
other recent studies use approaches other than LCA to examine the
impacts of grid-connected stationary LIB ESS, particularly use-phase
impacts [32,19,21,22,33]. These are discussed in Section 4.2.
Hiremath et al. [29] studies lithium ion batteries (an average of lithium iron phosphate (LFP), nickel manganese cobalt (NMC), and lithium
manganese oxide (LMO)). In addition to LIB, Hiremath et al. [29] also
assesses impacts for PbA, NaS, and VRFB. This study examines 17 environmental impact categories, including cumulative energy demand
(CED) and global warming potential (GWP) impacts. Importantly, this
study examines the impact of several different use-phase applications
of grid-connected storage: energy time-shift; transmission and distribution investment deferral; voltage regulation; area and frequency regulation; and energy management. Use-phase impacts are computed using
the German national electricity mix. Use-phase impact is assessed
over a 20-year ESS lifetime. However, EOL scenarios such as ﬁnal
disposal and/or recycling were not assessed, due to lack of availability
of uniform data for all four battery types.
In determining use-phase impacts, Hiremath et al. [29] include the
impacts of charging electricity. The study ﬁnds that over 95% of GWP
impacts are due to use phase impacts (round-trip efﬁciency losses and
emissions from generation of charging electricity), and only a small fraction to production phase (i.e. CTG) impacts.
Like many recent LCAs, Hiremath et al. [29] uses the materials inventory from Majeau-Bettez et al. [34] to support the cradle-to-gate portion
of their calculations. This inventory is based on cell composition analyses dating from 2000 to 2009 [35,36,37] and is thus somewhat dated.
The materials inventory in Majeau-Bettez et al. [34] does not include a
cooling system, now a common component of grid-connected stationary LIB ESSs, and so likely underestimates production phase impacts.
While Hiremath et al. [29] is fairly comprehensive in its treatment of
use phase, the materials inventory underlying its assessment of production phase impacts is dated, and widely shared with numerous other
studies.
Baumann et al. [28], although not structured as an LCA, assesses the
“carbon footprint” (in kgCO2eq/kWh) of grid-connected LIB ESS for several grid-connected applications. In addition to LIB, Baumann et al. [28]
also assesses impacts for NaNiCl, VRLA, and VRFB. The manufacturing
GHG intensities of LIBs are drawn from a range of LCA studies
[38,39,40,41]. The functional unit is 1 kWh delivered from a ESS. Carbon
footprint is determined, based on previously published normalized load
proﬁles, for three separate grid-connected use case scenarios: energy
time shift (with a 4 h duration system); frequency regulation (1 h duration); and renewable generation ﬁrming (10 h duration). As Monte
Carlo simulation is used to address input parameter uncertainty, the results are provided as distributions (rather than single-point values).
For the energy time shift and frequency regulation applications, the
per-kWh GHG intensity was found to be comparable to the current grid
(450–500 gCO2eq/MWh) – i.e. the grid-connect LIB ESS provides no
GHG beneﬁt. In these scenarios, most (70–95%) of the GHG intensity is
attributed to internal losses. For the renewables ﬁrming scenario, the
study estimated GHG intensities that are comparable with the renewable generation source (70–150 gCO2eq/MWh).
Unique among other studies, Baumann et al. [28] separately analyzes
ﬁve different LIB chemistries (LFP, LTO, LMO, NCA, NCM) across both
production and manufacturing phases of the life cycle. While LMO

consistently showed higher GHG intensities, the difference was modest:
The per-kWh GHG intensities are within the interquartile range
(resulting from the Monte Carlo analysis method) for the energy time
shift and frequency regulation scenarios, and within the overlapping
95% percentile ranges for the renewable generation ﬁrming scenario.
Ryan et al. [26] couples cradle-to-grave LCA results with an operational impact assessment from unit commitment and dispatch modeling. This study evaluates the GWP, CED, and acidiﬁcation impacts of
deploying LIB to provide frequency regulation. The LIB materials inventory is taken from Argonne National Laboratory's BatPaC model, for the
8 MW, 3.04 MWh ESS conﬁguration speciﬁed by the authors. Notably,
the functional unit is one MW-yr of frequency regulation capacity.
This is a more appropriate basis for the frequency regulation use case
than energy delivered, which is used by most other studies examining
ESS for the same service. Ryan et al. deﬁne the EOL condition as 50%
capacity retention, rather than the 80% capacity retention which is common in the industry.
The unit commitment and economic dispatch analysis is carried out
for a IEEE 9-bus test system, rather than for any speciﬁc region or country, as in some other studies. The test system comprises four fossil (coal
or gas) generators, one storage system, and (in some scenarios) a renewable generator. Unit commitment and economic dispatch modeling
is a critical element of use-phase impact assessment. However, it is
questionable whether such a small model system can provide meaningful insight. In contrast, other studies have applied unit commitment and
economic dispatch modeling across an entire ISO region [22].
Across a broad range of parametric studies, the most impactful
factors were found to be fuel price (incurred by thermal generators),
energy storage round-trip efﬁciency, transmission congestion constraints, and electricity supply mix of the overall system (gas- or coalheavy; presence or absence of renewable generation).
Ryan [26] ﬁnds that in general, the addition of LIB storage to provide
frequency regulation increases emissions, due overwhelmingly to usephase impacts. Ryan [26] evaluates several LIB cathode chemistries
(LFP, NMC, and NCA), ﬁnding little difference in manufacturing phase
impacts. Although their differing operational properties were analyzed
in separate sensitivity analyses, no overall synthesis is provided of the
relative overall (manufacturing plus use phase) impacts across these
different LIB cathode chemistries. In scenarios where the 9-bus test
system includes mostly coal-ﬁred generation, addition of energy storage
increases emissions “due to unit commitment changes” and round-trip
efﬁciency losses. The emissions increase is 4000 kgCO2eq/MW-year
when no renewable energy, or some wind generation, is present on
the system, and b1000 kgCO2eq/MW-year when some solar generation
is present. When the test system contains mostly gas-ﬁred generation,
the addition of energy storage again increased emissions, but to a lesser
extent (approximately 50–300 kgCO2eq/MW-year depending on
scenario).
Vandepaer et al. [27] is a consequential LCA that analyzes a broad
range of environmental impacts of grid-connected LIB ESS, including
climate change impact, across all phases of the LIB product life cycle
(production, use, and EOL). This is a prospective analysis for a 2030
high-renewables grid scenario, and the geographic scope is Switzerland.
The LCI for LIB production uses primary data from an undisclosed
battery manufacturer [42] with some additional input [43,18]. The functional unit is 1 MWh of electricity delivered from the LIB ESS which
would otherwise have been curtailed. The analysis studies the impacts
of a 6 MWh system. Unusually, no power capacity is given for the ESS,
and thus the modeled ESS system is not fully speciﬁed.
The energy storage application is described by the authors as integrating otherwise curtailed renewable energy. This corresponds to the
“energy time shift” or “renewables support” applications speciﬁed in
other studies. This study does not characterize any differentiated applications of energy storage for different grid services, and (unlike some
other studies discussed here) has no discussion of operational parameters such as cycling frequency or depth of discharge. In characterizing
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EOL, this study sampled LIB recycling rates ranging from 0% (i.e. complete landﬁll and/or incineration) to 70%. The authors assume a 1:1 substitution of recycled for virgin materials – a likely overestimate, which
would result in an overestimate of recycling beneﬁts and an underestimate of overall life-cycle impacts.
This analysis found that a grid-connected LIB ESS results in signiﬁcant expected beneﬁt through reduced per-kWh GHG emissions. This
expected impact was expected to be smaller (though still favorable)
for an alternative scenario in which the Swiss grid has lower emissions
intensity. LIB recycling is found to have little impact on the overall climate change impact of the LIB ESS (although it is estimated to signiﬁcantly reduce several other types of environmental impacts).
McManus [30] calculated the cradle-to-gate impacts of lithium ion
(LFP) and several other chemistries (PbA, NiCd, NiMH, and NaS) in
terms of CED, raw materials, and GWP. The study considered two lithium ion production pathways, an organic solvent process and a waterbased process. This study does not extend beyond production phase.
The materials inventory for LFP cells was drawn from Zackrisson [41],
which was “modeled based on [44] and the recipes used in trials performed at the laboratory of Swerea IVF.” Thus, similar to Hiremath et
al. [29], the production-phase impacts reported in McManus [30] are
based on a dated materials inventory, which should be veriﬁed against
more recent data to ensure continued relevance.
Rydh and Sanden [31] provide values for CED of producing various
energy storage technologies, including LIB, which have been widely
cited [18]. However, the LIB technology included in the analysis (a
mixed oxide lithiated cathode) is not in common use today, and most
closely resembles NCA chemistry.
Those LCA studies that examine both production and use phase impacts consistently ﬁnd that use phase results in much higher impacts
for many environmental endpoints than manufacturing phase. However,
aside from this, these studies taken together do not establish general
conclusions, because of their many important methodological differences. Each of these studies features a unique combination of functional
unit, region considered, grid application of energy storage, and other factors (Table 3). For instance, although both Ryan et al. [26] and Baumann
et al. [28] reach a similar conclusion concerning the frequency regulation
(ﬁnding either neutral or increased GHG emissions when using energy
storage for frequency regulation), they use different functional units
and different load and price data in modeling storage system operation.
It is thus not clear how general this result is. While Baumann et al. [28]
and Vandepaer et. [27] both assess the emissions impact of using energy
storage for energy time shift, their results cannot be compared, because
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Vandepaer et al. [27] analyze energy storage deployment in a 2030
Swiss grid, whereas Baumann et al. [28] do not consider a future scenario. A methodical harmonization of these and related studies (see Section 4.2.2), which is out of the scope of this manuscript, would be
required to extract general principles from the variety of existing studies.
3.2. Studies of LIB for grid-connected stationary ESSs versus studies for
transportation applications
An extensive literature of LCA studies has evaluated the environmental impact of LIBs for use in transportation. Here, we brieﬂy consider
the relevance of these studies for environmental impact assessment of
grid-scale stationary LIB ESS. Some key distinctions between impact assessment of these two very distinct applications of lithium ion batteries
are also discussed.
The majority of published environmental LCAs of LIBs focus on their
use in EVs [18]. The use phase portion of these assessments focus on
transportation use, commonly using a functional unit of distance traveled. Therefore, their results (in units such as g CO2/100 km traveled)
are not applicable to grid-connected stationary battery applications. In
addition, the cycling requirements of transportation batteries may be
quite different from those of grid-connected ESSs. Transportation battery cycling requirements are determined by driving patterns and may
vary widely (e.g. low power requirements for a small vehicle in city
driving, versus high power requirements for a performance model
with strong acceleration).
However, because grid-scale LIBs use the same chemistries, and in
some cases the same cells, as LIB packs for EV applications, inventories
for battery cells in these studies are potentially relevant for stationary
systems. Depending on the scenarios modeled, this could include resource extraction, manufacturing, and packaging information.
However, other considerations are unique to grid-connected stationary ESSs, and are not adequately addressed by studies focused on
transportation applications. The balance of system (BOS) components
—the equipment and infrastructure needed, beyond the battery cells,
to support the ESS—must be assessed differently than for transportation
applications, because they have different conﬁgurations [23]. Designs of
thermal management systems, pack construction, cell sizes and form
factors can differ signiﬁcantly in stationary versus vehicle applications
(See Table 4). For example, stationary systems usually require ﬁre
suppression systems and often include conventional, forced-air HVAC
systems. A complete BOS accounting will also include physical infrastructure such as container housing or concrete foundations, which

Table 3
Design and methodology comparison among LCA studies of grid-connected stationary LIB ESSs (through 2018) that include both production and use phase.
Study

Functional unit

Use phase –
Battery dispatch
modeling
method

Material
inventory
approach

BOS approach

Grid region

Vandepaer 1 MWh delivered
et al. [27] from a LIB ESS that
would otherwise
be curtailed
Ryan et al. 1 MW-yr of
[26]
frequency
regulation capacity

Primary

Baumann
1 kWh delivered
et al. [28] from a ESS

Secondary
(various LCA
studies)

BMS and cooling system
based on primary data in
[39]. No discussion of
inverter.
Inverter materials
estimated from Mason
[45]. No discussion of
BMS or cooling system.
Inputs from Peters [46].

Hiremath
1 MWh delivered
et al. [29]

Cell
composition
analysis via
Majeau-Bettez
et al. [34]

Switzerland No dispatch
optimization or
other power
system modeling
9-bus test
Unit
system
commitment/
economic
dispatch
(Austrian
No dispatch
electricity
optimization
market
described
prices
used)
(German
No dispatch
grid mix
optimization
used
described
determine
GWP)

BatPaC model

None

Use phase – Grid
applications
considered

EOL scenarios considered

Energy time shift

Battery module: Partial recycling,
balance to landﬁll (70%, 35%, and 0%
materials recovery to recycling). Steel
enclosure: Complete recycling
Partial recycling (following GREET
default values: 1% for Li; 26% for steel;
11% for Al)

Frequency
regulation

Energy time shift, Not included
frequency
regulation,
renewables
ﬁrming
Energy time shift, Not included
frequency
regulation, four
others
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Table 4
System details and component assumptions for a representative hypothetical grid-scale LIB ESS (1 MW, 4 MWh) and a EV battery pack (225 kW, 73 kWh; similar to the Tesla Model S
battery pack). Sources: [23]; BatPac and GREET modeling.
Stationary LIB ESS

Housing

EV LIB pack

Component assumption

Component total mass

40’ ISO container with necessary modiﬁcations

8100 kg steel

Component total mass
33 kg steel or aluminum
7.6 kg plastics

BMS

50 g of circuit board per 5 kWh battery module

40 kg circuit board

0.4 kg circuit board

Inverter

500 kW inverter = 554 kg

1100 kg of inverter

n/d

Cooling system

2 × 5-ton wall pack, 230 kg each

430 kg of cooling system

4.6 kg ethylene glycol

Insulation

–

–

5.3 kg ﬁberglass

Fire suppression

are common for stationary LIB ESSs but not relevant for EV battery modules. These components will increase the production phase impacts of a
stationary LIB ESS.
The difference between the scale and conﬁguration of transportation
LIB modules as compared to stationary grid-connected LIB ESSs suggests
that balance of system (BOS) materials requirements for these two applications may differ signiﬁcantly. However, none of the existing literature surveyed in the present review has characterized this contrast.
Even within LCA studies of stationary LIB ESSs, the extent and method
of BOS inclusion in the materials inventory is inconsistent. We therefore
provide a direct comparison of estimated BOS materials requirements
for a generic large-scale stationary LIB ESS and generic LIB EV pack, on
a per-kW and per-kWh basis (Table 5). Although a thorough comparison (e.g. considering different energy-to-power ratios and other design
variations) remains for future work, this initial representative illustration highlights some major potential differences.
In this illustrative comparison, the outstanding difference between the
transportation and grid-connected applications is the materials intensity
of the housing for a stationary ESS. This illustrative comparison assumes
that the stationary LIB ESS is housed in a standard 40-ft steel shipping
container. While this is currently a common choice, less materials-intensive steel housings may become standard in the future. However, even if
future stationary ESS housings require only half the steel of an ISO container on a per-kWh basis (i.e. 1.0 kg per kWh), this would still be over
twice the materials burden per kWh as compared to a vehicle battery
pack (0.45 kg per kWh). Large stationary LIB ESS also require a ﬁre suppression system, and potentially higher materials requirements for
cooling systems, than the vehicle LIB system in this comparison.
In some cases, this reﬂects the fact that minimizing weight is critical
for EV pack design but is less important for stationary ESS design. For instance, standard steel shipping containers have been commonly used in
recent years because they are a readily available and physically robust
housing solution, and their large mass does not compromise the costeffectiveness – whereas such a massive housing would compromise

250 kg steel

–

70 kg ﬁre suppressant

–

the function of a battery designed for onboard vehicle use. Other components are required for stationary systems due to intrinsic features of
their design that do not apply for transportation systems. For instance,
ﬁre suppression systems are required for large stationary systems to
mitigate the risk of catastrophic thermal runaway; however, EVs have
a much lower thermal runaway risk because of smaller energy capacity,
and greater ease of diffusing heat output.
These major differences also reﬂect the very different deployment
environments of stationary and vehicle systems. A vehicle battery
pack sits in an interior environment, in which exterior weatherprooﬁng
and (to some extent) climate control are already provided by the
existing vehicle design. By contrast, a large stationary system essentially
requires its own dedicated, weatherproof building, with accompanying
climate control systems.
A second key distinction is the much wider range of possible applications, and corresponding operational proﬁles, for stationary ESS. Examples of some commonly considered grid applications are described in
Table 6. Grid-connected ESS may be used for short-duration, shallowcycling applications (such as frequency regulation), or for long-duration, deep-cycling applications (such as energy time shift). Depending
on the grid resource mix available during those two windows, the environmental impacts will change. For example, if the battery provides capacity, this may result in avoided emissions from startup and operation
of coal or natural gas-ﬁred power plants that is not dispatched. The operational proﬁle may also affect the environmental impact related to
lifetime of the storage system itself, since degradation rate (and therefore LIB lifetime) is sensitive to depth of discharge and charge/discharge
rates. Thus, the primary drivers of energy use and environmental
impacts may change between grid-scale and EV LIB use cases.
3.3. LCA studies of LIBs for transportation applications
Because stationary LIB systems are often assembled from LIB cells of
the same design as those used in EV LIB systems, LCAs of LIB production

Table 5
Balance of system materials comparison for a representative hypothetical grid-scale LIB ESS (1 MW, 4 MWh) and a EV battery pack (225 kW, 73 kWh [similar to Tesla Model S]). Assumptions are detailed in Table 4.
Component mass per kW

Component mass per kWh

System component

Grid-scale system

EV pack

Grid-scale system

EV pack

Housing

8.1 kg steel

2.0 kg steel

BMS
Inverter
Cooling system
Insulation
Fire suppression

0.04 kg circuit board
1.1 kg of inverter
0.43 kg of cooling system
–
0.25 kg steel
0.07 kg ﬁre suppressant

0.15 kg steel or aluminum
0.03 kg plastics
0.002 kg circuit board
n/d
0.02 kg coolant
0.02 kg ﬁberglass
–

0.45 kg steel or aluminum
0.10 kg plastics
0.005 kg circuit board
n/d
0.06 kg coolant
0.02 kg ﬁberglass
–

0.01 kg circuit board
0.28 kg of inverter
0.11 kg of cooling system
–
0.06 kg steel
0.02 kg ﬁre suppressant
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Table 6
Typical operational proﬁles associated with common applications of grid-connected energy storage systems. This provides a general guide only; results may vary for individual
storage systems and use cases.
Operational proﬁle
Applicationa

Duration of dischargeb

Typical annual usagec

Ramping
Frequency regulation
Capacity resource
Spinning reserve
Energy arbitrage

Medium
Short
Medium
Short
(varies)

Frequent
Frequent
infrequent
infrequent
(varies)

a
b
c

Grid-scale ESS realize greater economic value by serving multiple applications. [47].
“short” = seconds–5 minutes; “medium” = 5 minutes–1 hour; “long” N 1 hour.
“infrequent” = 0-5 days per year; “frequent” = 30-365 days per year.

for EVs are relevant for assessing production-phase impacts of grid-connected stationary LIB ESS.
Several studies of LIBs for transportation applications are notable in
drawing on different and more recent primary data than the three
existing studies of LIBs for grid-connected stationary ESS applications.
Two studies draw materials inventories directly from OEMs. Kim [3]
uses primary inventory data for the Ford Focus Electric EV. The inventory in Ellingsen [39] is compiled of primary data from MiljobilGrenland, a European battery storage company, with some additional
information from Majeau-Bettez et al. [34] and Notter et al. [40]. To
the extent that the cell designs in these studies are similar to those
used for stationary systems, this more recent primary data is also useful
for manufacturing impacts of grid-scale ESSs.
EPA [48] developed a cell materials inventory using primary data
from multiple battery manufacturers. This primary data was combined
with inventories from Notter et al. [40] and Majeau-Bettez et al. [34].
The merging of primary and secondary data masked the primary data
to protect the conﬁdentiality of primary data provided by the industry
participants, and ﬁlled unspeciﬁed gaps in the primary data. The authors
do not comment on the extent of divergence between the primary and
secondary cell LCIs, or among the primary cell LCIs from different
manufacturers.
In contrast, Dunn [49] base their materials inventories on analytical
outputs embodied in the BatPac model developed by Argonne National
Lab, as well as studies such as Sullivan et al. [50] and Rydh and Sanden
[31].
Numerous other LCAs of LIBs for transportation applications all share
the cell materials inventory data reported in a small number of widely
cited studies dating from 2000 to 2009 [18].
4. Observations and insights
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discrepancy highlights the different value and methodological challenges that each approach provides. Bottom-up analyses are typically
open and transparent, with the underlying data presented for review.
However, these often can be incomplete, or require a number of assumptions where required data are not publicly available. Top-down
analyses are typically opaque, with the underlying data that supports
the ﬁnal reported values not provided. The opacity of top-down analyses prevents detailed comparison to other analyses and prevents other
LCA practitioners from analyzing the reasons for the systematic difference between top-down and bottoms-up analysis. Therefore, both
approaches should be used whenever possible, and any conﬂicting results used to examine the work for potential ﬂaws or key missing
information.
Peters et al. [55] conclude that for some impact categories (GWP and
human toxicity), the differing results among various studies is largely
due to their widely varying assumptions about manufacturing energy,
and much less related to the different chemistries evaluated. Thus the
magnitude of error resulting from an inaccurate energy inventory may
well exceed any real difference in impacts among various LIB chemistries, obscuring real information. While it is possible to take an average
of all published studies (as in [51]), this approach risks perpetuating any
inaccuracies in those estimated energy inventories. Also, manufacturing
efﬁciencies presumably have scale and learning-curve effects as production knowledge increases; newer, more efﬁcient factories are constructed; and those facilities reach full capacity.
Instead, the preferred approach to address these conﬂicting results is
to resolve the disparities among different studies through analysis of recent and accurate manufacturing data. Manufacturers and end customers alike would beneﬁt from this. A cross-sector consortium, such
as that assembled for the study by [48], would be well placed to address
the issue. Such a consortium should involve multiple manufacturers and
independent technical review, and convened by an impartial third
party.
The capacity factor of LIB production facilities is a parameter that
strongly impacts manufacturing energy requirements, but is generally
not considered in the literature. Dunn et al. [56] highlight the importance of this issue in the context of EV battery production, observing
that the per-battery energy requirement projected for a facility operating with low throughput is nine times higher than for a facility operating at full capacity. Although capacity factors of manufacturing
facilities are likely to trend toward 100% over time [49], the expected
opening of new LIB manufacturing capacity in coming years increases
the liklihood that individual LIB manufacturing facilities will operate
at part capacity in the near term. We join Dunn et al. in recommending
that future studies evaluate both full production capacity scenarios and
part-capacity scenarios when determining LIB manufacturing energy
[56].

4.1. Manufacturing energy
The very wide range of GHG emissions estimates from LIB cell
manufacturing introduces signiﬁcant uncertainty into LCAs of LIB
systems. The wide range in emissions estimates directly result from
the very wide range in estimates for energy requirements for LIB
manufacturing, particularly for cell assembly. The key questions related
to the accuracy of these results are onsite energy use and accuracy of
inventories. The issue of the very wide range of estimated CED has
been thoroughly reviewed by Peters [51] and is widely acknowledged
in the primary literature [32,52,49,39,3,53,54]. While some of the variation in estimates of embodied energy is traceable to varying assumptions about process technology, it is highly unlikely that this factor
alone accounts for the very large ranges observed.
Peters [18] documents the range in reported embodied energy
values for LFP packs ranging over approximately an order of magnitude,
from 0.3 MJ/kWh to 2.5 MJ/kWh. This review highlights that “bottomup” assessments produce lower estimates (b1.5 MJ/kWh), and the
higher estimates come from top-down studies. This systematic

4.2. The importance of the use phase in assessing overall environmental
impact of grid-connected stationary LIB ESSs
The few LCA studies that estimate both the production and use
phase impacts of grid-connected stationary LIB ESSs consistently ﬁnd
that use phase impacts are a major contributor to total life-cycle impacts
[28,57,26,27]. Ryan et al. [26], Vandepaer et al. [27], and Baumann et al.
[28] all ﬁnd that the use phase accounts for the overwhelming majority
of climate change impacts – both when LIB are found to reduce environmental impacts [27] and when they are found to increase them [26]. Use
phase impacts are also found to be dominant when they are estimated
for real-world grid-scale LIB systems using revenue-maximizing
dispatch strategy (EPRI unpublished).
Two major factors in use-phase impacts are round-trip efﬁciency
losses (incurring impacts from the generation of the unrecovered electricity) and changes in unit commitment and/or dispatch. Round-trip
efﬁciency losses are a general feature of energy storage, and will occur
for any LIB system in any context. However, impacts from changes in
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unit commitment or dispatch may be more dependent on context-speciﬁc factors such as grid topology, share of renewable energy, and electricity market structure. Thus the results of existing studies – which are
speciﬁc to the regional scope or test system speciﬁed in the study – may
provide only limited insight to stakeholders evaluating energy storage
in a different regional context. In addition, certain fundamental model
design choices may represent grid operation more accurately than
others, particularly for high-renewables scenarios, and key design parameters (e.g. temporal resolution; use of representative hours versus
a seasonal average approach) should be carefully considered [58,59].
Use phase impacts are less important for some environmental impact categories; for instance, Vandepaer et al. [27] ﬁnd that EOL is
more important for human toxicity impacts than use phase.
4.2.1. Choice of application and operational proﬁle for grid-connected stationary LIB ESSs
A grid-connected stationary LIB ESS has wide ﬂexibility in how it is
operated. Several key parameters describe the operational proﬁle:
• Depth of discharge (DOD) – how much of a battery's energy capacity
is dispatched before recharging
• Cycling frequency – how often a battery is charged and discharged (e.
g. multiple times a day, or once a week)
• Charge and discharge power – how quickly a battery takes energy
from, or provides energy to, the grid (measured in kW or MW)

The operational proﬁle of a grid-connected stationary ESS depends
on its application, as different applications have distinct requirements
for operational parameters such as typical duration and depth of discharge (Table 6).
Recent studies examine a range of different applications (or combination of applications) of grid-connected LIB ESSs when estimating
their likely environmental impacts. In some cases, different studies analyzing the same service type assume different energy-to-power ratios
for the ESS providing that service. In addition, recent studies are based
on a variety of region-speciﬁc characteristics, assessment methodologies, and system load proﬁle assumptions. Region-speciﬁc considerations such as wholesale electricity market structure and price
proﬁles, share of variable renewable generation, and grid emissions intensity may also strongly inﬂuence the consequential impacts of gridconnected ESS operation. The estimated impacts are therefore highly
speciﬁc to individual ESS environment, and results from one study are
not necessarily applicable to a prospective ESS development with different characteristics.
Several aspects of ESS operational proﬁle impact the environmental
impacts resulting from the use of a grid-connected ESS. These include
(1) the marginal generation mix used to charge the ESS, and that
which would otherwise energize the grid during times of discharge, as
well as (2) the round-trip ESS efﬁciency. The generation fuel mix, and
the corresponding weighted average emissions intensity, vary with
time of day. The times of day and frequency at which an ESS charges
and discharges are therefore additional operational parameters that
have signiﬁcant implications for the use-phase environmental impact
of the ESS. Accordingly, the importance of the electricity grid mix in determining use-phase environmental impacts of EVs has been widely
noted in the LCA literature (reviewed in [19]).
4.2.2. Review of use phase impact assessment for grid-connected stationary
LIB ESS
Several recent studies project the emissions impacts associated with
operation of grid-connected stationary LIB ESSs [19–21,28,22,33,26,27].
Some of these studies use marginal emission factor techniques to understand the potential for negative environmental impacts resulting
from deployment of grid-scale ESS. These studies demonstrate the importance of incorporating use phase scenarios into any comprehensive

environmental impact assessment. Here we review the scope, approach,
and major results of these studies.
Baumann et al. [28] uses previously published normalized load
proﬁles to assess the “carbon footprint” (in kgCO2eq/kWh) of gridconnected LIB ESS for three grid-connected applications: energy time
shift (with a 4 h duration system); frequency regulation (1 h duration);
and renewable generation ﬁrming (10 h duration). This study (which
evaluates production and use phase only, but not EOL) ﬁnds that the
use phase contributes 60–95% of impacts. Notably, this study provides
a partial synthesis of the impacts of different battery properties across
both the production and use phases of the life cycle. For instance, results
are presented for the combined sensitivity to both the carbon intensities
of both cell production GWP (production phase) and the charging electricity (use phase).
Vandepaer et al. [27] analyzes the environmental impacts of gridconnected LIB for a single application: time-shifting otherwise curtailed
renewable energy, implicitly for bulk electricity supply for a future 2030
Swiss grid. This study does not characterize any differentiated applications of energy storage for different grid services, and (unlike most of
the other studies discussed here) has no discussion of operational parameters such as cycling frequency or depth of discharge. This analysis
found that a grid-connected LIB ESS results in signiﬁcant expected beneﬁt through reduced per-kWh GHG emissions. This expected impact
was expected to be smaller (though still favorable) for an alternative
scenario in which the Swiss grid has lower emissions intensity. The
analysis contains a 6 MWh system, and analyzes the impacts associated
with delivering 1 MWh of electricity.
Hittinger and Azevedo [29] examine the net emissions impact of
grid-connected ESS used for “bulk storage” (capable of four-hour dispatch) resulting from the interaction of several key factors: the revenue
opportunity for the ESS; the time of day at which the ESS charges, determined by wholesale market prices according to the ESS's revenue-maximizing operational strategy; and the grid emissions intensity at
different times of day. The results for 20 sites across the U.S. suggested
that deployment of grid-connected ESS will result a net increase in
CO2 emissions, with values ranging from 104 to 407 kg/MWh delivered.
Arciniegas et al. [19] expand upon this approach by optimizing for
both low CO2 emissions and high revenue. The results suggest that
shifting the timing of charge/discharge periods, or reducing overall storage operation, can minimize emissions while maximizing revenue. They
suggest that 25–50% reductions in CO2 emissions would be achievable
in a number of regions, with corresponding comparatively smaller
1–5% reductions in revenue. Arbadzadeh et al. [21] investigate the dependence of selected environmental impacts on several ESS parameters
(e.g. degradation, generation heat rate, service life) for several storage
applications. Round-trip efﬁciency, annual battery degradation, and
generation heat rate were most important to determining the resulting
emissions in time-shifting and frequency regulation applications, while
production burden and lifetime were most inﬂuential in the reliability
application.
Ryan et al. [26] use a well-deﬁned, but synthetic, operational proﬁle
in estimating the impacts of deploying LIB to provide frequency regulation. In this analysis, the ESS operational proﬁle results from unit commitment and dispatch solutions over a portfolio that also includes coal
and gas generators. The dispatch serves a frequency regulation requirement that is the sum of 3% of the load and 5% of the renewable energy
production occurring on the IEEE test system which is the basis for the
analysis. The system load is a 24-h sinuisodial proﬁle, applied every
day across the one-year analysis period; and the renewable generation
proﬁles are median values derived from NREL data to produce a single
24-h proﬁle, also applied every day across the one-year analysis period.
Ryan et al.'s integration of unit commitment and dispatch methodology for use-phase impact assessment into a consequential LCA
framework (also including production and EOL phase impacts) for
grid-connected ESS is a best practice that should be adopted in future
studies. However, this study carried out the unit commitment and
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4.3. End-of-Life (EOL)
End-of-life (EOL) is the third and ﬁnal phase of the life cycle of a
product. Relevant EOL pathways for LIBs include reuse or repurposing
(“second life”), materials recovery (recycling), and disposal. Characterizing the EOL stage for LIBs is important in order to evaluate opportunities to reduce environmental impacts from improper disposal, and to
account for beneﬁts from displacement of mining and primary materials
acquisition through recovery. These are general conclusions learned
from other product sectors that have hazardous but potentially valuable
waste, including electronic waste [62] and photovoltaic modules [63].
As many of the considerations around EOL LIB management are similar
for grid-connected ESS and transportation applications, this Section 4.3
draws on literature relevant for both applications.
4.3.1. Survey of EOL assessment in LCA studies of LIBs
Of the 61 LCA studies across both grid-connected and transportation
LIB applications screened for this review, only 28 included EOL within
the system boundary (Fig. 3). The remaining 33 excluded EOL phase impacts from their assessments. Some LCA studies that exclude EOL note
speciﬁc reasons for this, such as setting a cradle-to-gate scope for subsequent integration with use-phase impacts [30]. Others that excluded
the EOL phase noted the lack of available data for key parameters such
as the energy intensity of recycling [52,43].
4.3.2. Choice of EOL pathway in LCA studies of LIBs
Among the 28 reviewed LCA studies that incorporate EOL impacts,
the vast majority (24) model recycling as the EOL pathway (Table 7).
Two studies incorporate battery disposal as part of environmental impact assessment [40,42]. Other EOL pathways considered include lowvalue materials recovery [41] and joining a commingled electronic
waste stream with other batteries [64,25]. Incorporating recycling into
full life-cycle environmental assessment can provide valuable insight
into the impacts of batteries when recovered by a mature recycling
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4.2.3. Research gaps in use-phase impact assessment of stationary gridconnected LIB ESS
The studies discussed in the previous section provide important insights, but often only partially represent the complexity of ESS operational dispatch and consequential impacts. For instance, only some of
these existing studies model the operation of ESS to simultaneously provide multiple grid services, which is important for complete assessment
of use phase impacts. Hittinger and Azevedo [33] and Arciniegas et al.
[19] consider only energy arbitrage as an application of grid-scale ESS,
neglecting other applications of storage and their net emissions impacts.
Arciniegas et al. [19] does incorporate a cost for CO2 emissions that
could be considered a general proxy for combinations of operational
strategies, locations and other parameters that create emissions
reductions.
For more comprehensive assessment, it will be important to assess
the potential impact of bulk storage serving other grid needs as well.
Hiremath et al. [29] and Arbadzadeh [21] provide important examples,
assessing multiple use cases including frequency regulation and time
shift in their analyses. However, some key applications of storage (e.g.,
ﬂexible ramping, peaking capacity) are not clearly reﬂected within the
range of use cases addressed in these studies.
In addition, future studies should reﬂect the likelihood that a single
grid-connected ESS will serve multiple applications simultaneously.
An array of analyses has characterized the economic advantage for the
ESS owner of “value stacking” (e.g. [2,3,4,5]). Value stacking is now
emerging as a practical operational strategy for ESSs, and its importance
is likely to increase if future market rules clarify additional compensation mechanisms for grid-connected ESSs. For example, in the US,
FERC Rule 841 (issued in 2018) – which directs independent system operators (ISOs) to develop new market participation models for energy
storage – is one policy evolution that may further enable value stacking.
The analysis of Craig et al. [22] highlights the potential importance of
modeling realistic service-stacking use of grid storage when estimating
use-phase impacts. Craig et al. compare the expected CO2 emissions impacts of grid-scale LIB in ERCOT under different grid service scenarios.
This analysis ﬁnds that in 2045, when storage provides both energy
and reserve services (including regulation), the expected emissions reductions are twice as high as when providing energy only.
Rather than modeling ESS operation for one application at a time (as
in [29]), future work should seek to more closely reﬂect this servicestacking operation. This type of analysis can make use of systematic
storage optimization tools to assess likely operational proﬁles, particularly those that co-optimize storage operation across multiple services.
[60] Examples of such tools include StorageVET (EPRI), ReOPT (NREL),
and BEST (PNNL). It is important to note that the ‘ground rules’ for
value stacking – electricity market structure, regulation, and power system needs – are evolving. Therefore, periodically updated analyses, including validations using empirical operational data from gridconnected ESSs, will be appropriate and necessary.
An additional important consideration, not widely reﬂected in these
studies, is that the net emissions impacts of storage operation may result not only from substitution within the generating mix, but also
from substitution of emitting resources to provide dynamic grid management (rather than bulk energy). For instance, if grid-connected storage provides frequency regulation or peak-day capacity, thereby
avoiding startup of a natural gas-ﬁred “peaker” plant, the avoided emissions from the gas peaker startup must be taken into account.
Arbadzadeh [21] and Ryan [26] stand out this regard by examining frequency regulation in addition to energy time shift; however, other applications also bear consideration.

For studies that address the impacts of grid-scale ESS in future grid
scenarios, the impact of energy storage on investments in, and retirement of, other grid resources (particularly generating assets) is potentially important, but generally unaddressed. Integration of grid-scale
ESS may result in lower value for certain grid assets, which would
have the follow-on consequence of decreased investment in, and deployment of, those types of resources in subsequent years, thus affecting
the resource mix of the future grid. [61] Studies that address the impacts
of grid-scale ESS in future grid scenarios should be based on the most
likely forseeable grid resource mix for the period being studied, and
thus should take this “investment effect” into account when establishing the grid resource mix used in unit commitment and economic dispatch modeling.

2010

dispatch modeling on a small-scale model grid system that is very small
compared to actual grid systems (as noted in Section 3.2 above). It is
questionable whether such a small model system can provide meaningful insight into the interactions between grid-connected ESS and other
grid resources as they would occur in a real, much larger system.
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Fig. 3. Cumulative count of lithium ion battery LCA studies screened in this review.
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Table 7
LCA studies of LIBs that include end-of-life impacts.
EOL ﬁndings

Aluminum (100%),
nickel (100%), cobalt
(100%), lithium
(100%)
Aluminum (100%),
nickel (100%), cobalt
(100%), lithium
(100%)

Recycled
Content

Use of recycled materials leads to reduction
in energy requirements of 10–53%.

Recycled
Content

(1) GHG impacts are sensitive to virgin
versus recycled material use. (2) A battery
from fully recycled feedstocks costs 1510
MJ/kWh to make compared to 1870
MJ/kWh, (3) Recycling and disposal should
be part of dialogue about scale-up of EVs
(1) Fossil resource consumption is lowered
signiﬁcantly when recovered nickel and
cobalt are used. (2) Recycling of NMC
active material needs only 15.7 MJ/kg;
production from primary materials calls for
25.1 MJ/kg. Using recycled materials saves
9.4 MJ/kg.
(1) Modeling approach assumed worst case
scenario of no recycling. (2) High rates of
recycling for batteries in E.U. warrant
modeling efforts to assume high rates of
recycling.
Impacts from transportation for recycling
are negligible compared to those from
production and use for Scandinavia, W.
Europe, and China

EOL data type

EOL Data
source

Indicators/ Impact categories

Rydh and
Sanden
(2005) [31]

NCA-LMO

50
kW/450
kWh

Not speciﬁed

Secondary

Saft Group

GHGs

Samaras and
Meisterling
(2008) [65]

NCA-C

VKT

Outside system
boundary

Secondary

EIO-LCA

GHGs

Dewulf et al.
(2008) [66]

LMO, NMC

1 kg of
cathode

Hydrometallurgical

Secondary

Ecoinvent
2008

Energy use, GHGs

Cobalt (100%), nickel
(100%)

Recycled
Content

Notter et al.
(2010) [40]

LMO

VKT

Disposal

Secondary

[66]

ReCiPe: GWP, CED, Abiotic
depletion potential, PM;
EcoIndicator 99

None

Emissions
associated
with recycling

Zackrisson et
al. (2010)
[41]

LFP

10 kWh
PHEV
battery

Low value recycling

Transportation
distance

Ecoinvent
2008

GWP, Acidiﬁcation, Ozone
Depletion, Eutrophication,
Photochemical smog

None

Gaines et al.
(2011) [24]

NCA-C,
LFP,
LMO-C,
LMO-TiO

1 ton

Direct physical,
hydro- &
pyrometallurgical

Secondary,
some primary

GREET 2.7

Energy use, GHGs

aluminum (100%),
nickel (100%), steel
(100%), and copper
(100%)

Emissions
from
transportation
for recycling
only
Emissions
associated
with recycling

Yazicioglu &
Tytgat
(2011) [25]
Dunn et al.
(2012) [52]

LCO

1 Saft
Group cell

Commingled
recycling

Primary

Umicorea

Energy use, GHGs

Nickel, copper

Recycled
Content

LMO-C,
LCO

1 kWh
battery
capacity

Physical,
hydrometallurgical

Secondary

Toxco; GREET

Energy use, GHGs

copper (100%),
aluminum (100%),
cobalt (100%)

Emissions
associated
with recycling

1 kWh
battery
capacity

Dismantling,
Secondary
cryogenic shattering

Ecoinvent 2.2

ReCiPe, GWP

None

Emissions
associated
with recycling

(1) Recycling energy is a relatively small
portion of the overall life cycle impacts of
an EV. (2) Future batteries will be
200–500% larger and will offer more
recycling beneﬁts.
Umicore's smelting process reduces energy
and greenhouse gas impacts of LCO cells by
70%.
(1) Whole battery GHG emissions could be
50% less when recycled cathode,
aluminum, and copper are used in the
product. (2) Recycling reduces embodied
energy use compared to using virgin
materials. (3) Recycling technologies are at
various phases of pilot and commercial
processes
GHG intensity of LIB recycling is 3.6
kgCO2e/kWh of battery capacity recycled
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EOL emissions
approach

EOL treatment

Hawkins et al. NMC, LFP
(2012a)
[67]

Carbon
intensity of
recycling
(kgCO2e/kWh
of battery
capacity
recycled)

Materials recovered
(recovery efﬁciency)

Author (Year) LIB
Functional
technology unit(s)

NCA-C

1 Wh
battery
capacity;
Btu/mile

Direct physical,
hydro- &
pyrometallurgical

Secondary

GREET 2.7

CTG energy saving from using
recycled inputs

Cobalt (100%), nickel
(100%)

Emissions
associated
with recycling

Simon and
Weil
(2013) [69]

LFP-C,
NMC-C

1 MJ
battery
capacity

Secondary

Ecoinvent
2008

Energy use, GHGs

Cobalt (100%), nickel
(100%)

Recycled
Content

U.S. EPA
(2013) [48]

LMO

VKT; 1
kWh
battery
capacity

Crushing,
separating,
smelting,
hydrometallurgy
Physical, hydro-,
and
pyrometallurgical

Primary

Data from 3
recyclers, GaBi

GWP, CED, Abiotic depletion
potential

No “battery grade”
materials;
down-cycling

Recycled
Content

Faria et al.
(2014) [70]

LMO-C

300 kg, 24
kWh
battery

Hydrometallurgical
compared to
secondary use

Secondary

EcoInvent

GHGs

Repurposed battery

Secondary use

Li et al.
(2014) [53]

NCM-Si(n)

1 kWh
battery
capacity

Direct physical,
hydro- &
pyrometallurgical

Secondary

GaBi

Gabi: GWP, CED, Ozone depletion,
Abiotic depletion potential,
Acidiﬁcation, Eutrophication,
Ecotoxocity potential, persistant
organic pollutants

Energy
consumption

Wang et al.
(2014) [64]

LFP, LMO,
LCO

1 kg LIB

Commingled
recycling

Secondary

Dunn et al.
(2015b)
[56]

NCM-C
NCM-SiC
NCM-C
LCO-C
LCO-C
LFP-C
LFP-C LMO

1 kg
cathode
material,
1 kg
battery,
VKT

Direct physical,
hydro- &
pyrometallurgical

Secondary

Argonne
reports;
GREET BatPaC

GWP, CED SOx

Steel (100%),
aluminum (100%),
copper (100%), plastic
(100%), lithium
(100%), cobalt (100%),
manganese (100%),
nickel (100%)
aluminum (46%),
copper (30%),
manganese (33%),
nickel (41%), steel
(61%), iron (41%),
plastic (30%)
Lithium (100%), cobalt
(100%), nickel (100%),
aluminum (100%),
copper (100%)

Hendrickson
et al.
(2015) [71]

LMO, LFP,
NMC

1 kton of
battery

Direct physical,
hydro- &
pyrometallurgical

Secondary,
some primary

GREET 2

APEEPb: SOx, NOx, PM, VOCs

Steel (100%), copper
(100%), aluminum
(100%)

Emissions
associated
with recycling

Messagie et
al. (2015)
[72]

LMO, LFP

1 kWh
battery
capacity

Hydrometallurgical

Secondary

Hadjipaschalis
et al. [73]

ReCiPe: GWP, CED, Metal
depletion (MD)

Copper (94%), iron
(75%), manganese
(94%), cobalt (100%),
aluminum (94%),
low-alloy steel (75%)

Recycled
Content

CERCLA exposure indicators:
eco-toxicity; Embodied energy

27

(1) Noted a lack of data on LIB material
production estimates needed for
calculating energy use in recycling. (2)
Relies on recycling data for batteries other
than Li-ion
(1) LFP has highest energy intensity for
recycling (2) Relies on Dewulf for recycling
energy values
(1) Higher impacts are dominated by
increasing battery lifetime and increasing
metal use. (2) GHG intensity of LIB
recycling is 16–32 kgCO2e/kWh of battery
capacity recycled.
(1) Secondary use of LIBs in residential
applications are an opportunity to further
reduce the environmental impacts of LIBs
due to load shifting. (2) Emissions from
EOL hydrometallurgical treatment are 17%
of life-cycle Abiotic Depletion; 31% of
Acidiﬁcation; 6% of Eutrophication; and
23% of Global Warming Potential.
(1) EOL is b10% of overall impact except for
ozone depletion, acidiﬁcation potential,
and human toxicity. (2) GHG intensity of
LIB recycling is 27 kgCO2e/kWh of battery
capacity recycled.

(1) Need to develop recycling
infrastructure to incentivize materials
recovery. (2) Need to account for
geographically situated emissions
regulations, disposal bans, and EPR rules.

Emissions
associated
with recycling

(1) Little energy and environmental beneﬁt
is obtained from recycling because of high
energy demand in assembly. (2) Avoiding
SOx is the primary environmental beneﬁt
from avoided cobalt. (3) Avoiding water
contamination and SOx is a key motivator
to recycling irrespective of energy costs,
(4) Recycling can reduce life cycle impacts,
especially with high capacity facilities.
(1) Important to consider where
transportation pollution occurs, tradeoff
between emissions from disposal versus
transportation to recovery and recycling
facilities when optimizing reverse logistics,
(2) Hydrometallurgy more energy efﬁcient
than pyrometallurgy for materials
recovery, (3) Pyro-metallurgy produces
more GHGs and air pollution than
hydrometallurgy for materials recovery.
(1) Metal depletion is lower for LFP than
LMO; manganese is the limiting resource.
(2) LFP recycling emissions driven by cell
container and electricity used (3) Overall
life cycle environmental performance is
strongly dependent on efﬁciency and
electricity mix; use stage dominates life
cycle impacts.
(continued on next page)
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Recycled
Content
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Sullivan and
Gaines
(2012) [68]
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Table 7 (continued)
EOL emissions
approach

EOL ﬁndings

GWP, human toxicity, resource
depletion

Lithium (100%), cobalt
(100%), iron (75%),
steel (75%),
non-ferrous metals
(94%)

Emissions
associated
with recycling

Ecoinvent 3.1;
GREET 14

GWP

Aluminum (100%),
plastics (100%), steel
(100%)

Recycled
Content

Secondary

Umicore,
Retreive Tech,
Onto

ReCiPe, GWP

Lithium (100%), cobalt
(100%), iron (75%),
steel (75%),
non-ferrous metals
(94%)

Emissions
associated
with recycling

Not recycled,
disposal treatment

Secondary

Ecoinvent 3.1

IMPACT 2002: GWP, Abiotic
depletion potential, Acidiﬁcation,
Mineral Extraction

Steel containers
(100%)

Treatment &
disposal;
transportation
distance

1 MWh

50%
pyrometallurigcal;
50%
hydrometallurgical

Secondary

Ecoinvent 3.1

IMPACT 2002c

1 MW of
frequency
regulation

Pyrometallurgical

Secondary

GREET X

GWP, CED, Acidiﬁcation

(1) Major differences between impacts of
LMO and LFP are in manufacturing and
recycling stages. (2) Environmental beneﬁt
to human toxicity from recycling LFP is
larger than for LMO batteries. (3)
Emissions avoided due to the recycling of
materials outweigh the emissions from the
recycling process of LFP battery. (4) GHG
emissions associated with recycling are
similar to those for manufacturing. (5)
Recycling energy requirements are 0.140
kWh/100 kg of waste batteries.
(1) More research is needed to address
non-cell contributions (2) Recycling or
remanufacturing of container materials
may signiﬁcantly reduce the life cycle
impact of EV batteries. (3) Highlights
important need for primary data.
(1) High throughput facilities reduce the
impacts of battery assembly, (2) Recycling
can reduce life cycle impacts, especially
with high capacity facilities. (3) LCA EOL
research offers little guidance, because of
limited access to primary data on recycling
schemes.
(1) Steel & cement dominate container
impacts (2) LIBs have greater impacts to
ozone layer, depletion and global warming
impacts than LMP units. (3) Centralized
battery system conﬁgurations have fewer
environmental impacts than distributed
systems with more but smaller storage
units
[1] Main driver of environmental beneﬁts
are displaced fossil fuel energy; [2]
Recovery of materials through the
recycling of the batteries contributes to
environmental beneﬁts, [3] Displacing
virgin Al production could reduce bauxite
residues, [4] Steel recycling can displace
steel slags [5] Displacing virgin copper
extraction can reduce sulﬁde tailings. [6]
Decreasing the recovery increased
environmental impacts
[1] EOL impacts are insigniﬁcant compared
to use phase impacts; [2] EOL impacts
appear to be driven by coal use in the
supply chain/recycling and recovery
processes.

EOL treatment

EOL data type

EOL Data
source

Indicators/ Impact categories

Oliveira et al..
(2015) [74]

LMO, LFP

1 kWh
battery
capacity

Hydrometallurgical

Secondary

Umicore

Kim et al.
(2016) [75]

LMO, NMC

1 kWh
battery
capacity;
1 kg
battery

N/A

Secondary

Ellingsen et
al. (2017)
[43]

NMC-C

1 battery,
VKT

Direct physical,
hydro- &
pyrometallurgical

Vandepaer et
al. (2017)
[42]

LFP

1 MWh
battery
capacity

Vandepaer et
al. (2018)
[27]

LFP

Ryan et al.
(2018) [26]

LMO, LFP,
NMC, NCA

Carbon
intensity of
recycling
(kgCO2e/kWh
of battery
capacity
recycled)

8.0

83.1

70% recovery rate for
Recycled
lithium; 91.6% for steel Content

Lithium (1%), steel
(26.1%)

Recycled
Content
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Materials recovered
(recovery efﬁciency)

Author (Year) LIB
Functional
technology unit(s)

Umicore indicates that the underlying data used in this study are now outdated. The study is included here for completeness of the literature review.
The Air Pollution Emission Experiments and Policy Analysis Model (APEEP).
IMPACT 2002 categories included in Vandepar et al. 2018: GHGs, Ozone depletion, Human toxicity, particulate mattter, Ionizing radiation, photochemical ozoe formation, acidifcation, eutropihication, ecotocity, water resource deplation, mineral fossil,
and renewable resource depletion.
c

b

a

Recycled
content
aluminum (90%),
copper (90%), lithium
(90%), and cobalt
(90%)
kWh
LCP
Raugei and
Winﬁeld
(2019) [77]

LFP-LTO

MARS-EV
consortium
GREET/
Ecoinvent
Secondary
Hydrometallurgical

GWP, Cumulative Energy Demand

Copper (90%), steel
(90%), lithium (90%)
EcoInvenent
3.1
Secondary

GWP, abiotic depletion potential,
metals and minerals, acidiﬁcation
potential, eutrophication
potential, human toxicity
potential, ozone depletion
potential, photogenic ozone
formation potential

Dunn et al.
2014; GREET
Secondary

Ciez and
Whitacre
(2019) [76]
Peters et al.
(2019) [55]

NMC, NCA,
LFP

kg of
battery
cell
1 MWh of
electricity
delivered

Hydrometallurgical,
pyrometallurgical,
direct
Hydrometallurgical

GWP

Numerous scenarios

Recycled
Content
Emissions
associated
with recycling

[1] GHGs avoided for cylindrical cells are
lower than pouch cells, [2] Recycling LFP
cells does not result in net GHG reductions
(1) Recycling reduces the impacts from the
production stage 15–90%, though for LIBs it
is the lower part of the range. (2) Modeling
recycling makes very generous
assumptions about condition and need to
preparation of second-use materials. (3)
the recovery of entire components for
direct re-use can obtain much higher
beneﬁts than the recovery of individual
elements.
[1] A new hydrometallurigical EOL
treatment and associated credits only
marginally reduces the total CED (2%). [2]
EOL treatment costs 148 MJ per kWh, but is
credited 168 MJ per kWh. [3] This EOL
treatment costs 5.8 kg CO2e per kWh but is
credited 11.2 kg CO2e per kWh.

M.A. Pellow et al. / Sustainable Materials and Technologies 22 (2020) e00120

13

infrastructure, if accurate input data are available (e.g. transportation
distances, energy intensity of recycling). Additionally, the range of potential recycling processes could have a range of different environmental impacts; this is an important facet to investigate in future LCA
studies. These insights may help inform development of policies to promote battery recovery, recycling, and/or safe disposal.
Although the existing LCA literature is heavily focused on recycling
as an EOL pathway, large-scale LIB recycling has not emerged, and the
vast majority of LIBs for all applications are disposed of at end of life.
One study estimates that b3% of LIBs are currently recycled globally
[78]. However, an increasing focus on developing coordinated LIB
recycling programs suggests that recycling rates may increase over
time [79,80].
Because the transportation sector LIB market size is much larger
than the stationary sector LIB market size (Fig. 2), it is likely that the
economics of LIB EOL pathways will be largely determined by the transportation sector EOL infrastructure.
As development of battery recycling infrastructure is likely to require several years, the lack of studies incorporating other EOL pathways is a gap in the literature. Because disposal is a cost-effective
option for stationary grid-connected LIB ESS owners, there is a signiﬁcant probability that LIB ESSs that are currently deployed or announced
will be disposed of rather than recycled. If LIBs are not recovered, their
disposition and fate are assumed to be a municipal solid waste landﬁll
(EPA 2013). LCA studies that neglect disposal therefore exclude a likely
source of environmental impact.
Because LCA models that include recycling generally ﬁnd lower impacts than those with no recycling, studies that neglect the disposal
pathway likely underestimate life-cycle impacts relative to a model
that assumes disposal at end of life. As a matter of best practice, LCAs
of LIBs aiming to represent existing impacts from the EOL phase should
include several EOL pathways, to ensure the range of possible impacts
(for disposal, recycling, and material recovery pathways) are well
understood.
In some regions, policy measures already incentivize or require high
recycling rates. In these regions, recycling as an EOL pathway, and high
materials recovery rates, are more immediately relevant. In the European Union, collection rates for lead-acid batteries must be 65%, and
75% for nickel cadmium batteries [81]. The battery directive 2006/66/
EG stipulates management procedures for EOL batteries [82]. In contrast, the United States does not have a similar overarching policy
framework that requires battery recycling. Since there is limited
established battery recycling infrastructure, and the unsubsidized economics of battery recycling are ambiguous, there is a strong probability
that LIBs will be disposed of (and not recycled) for several years to
come. Consequently, in order to be relevant for the United States, LCA
studies of grid-scale ESS should include disposal as an EOL pathway
when evaluating likely near-term environmental impacts.
Additionally, several recovery and recycling rates warrant treatment
in a sensitivity analysis as done in one study that emphasized the geographic differences geographically situated emissions regulations, disposal bans, and Extended Producer Responsibility (EPR) rules [64].
The amount of material recovered and ultimately recycled into feedstocks for new products will greatly impact whether the full beneﬁts
of recycling are realized.
4.3.3. Additional issues in EOL impact assessment for LIBs
Among the 21 reviewed studies that assumed some material recovery, there is almost no overlap concerning the inventory of materials
that are assumed to be recovered. Only those subgroups of studies
that use the same underlying data shared common assumptions about
the range of recovered materials. In addition, the recovery rate for individual materials varies widely among existing studies. For instance, recovery rates for steel range from zero to 61% [64,83]. Some studies
assume no lithium recovery [64], while others assume 100%
[49,43,53,74,31,65]. In contrast with these assumed high recovery rate
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estimates, current recycling rates for lithium from battery recycling are
b3% [78]. This is problematic since several studies suggest that future
key sources of lithium for LIBs are from recycled sources [84].
The question of energy requirements for recycling is addressed in a
number of studies, but this topic faces many of the same challenges as
energy intensity of manufacturing. Estimates for the energy intensity
of the recycling process vary widely. They also rely on very limited primary data. As a result, studies that include values for this parameter
overwhelmingly rely on secondary data (Table 8). As with manufacturing energy, the limited data and wide range of estimates for recycling
energy requirements has led to a lack of consensus on whether battery
recycling reduces net environmental impacts (e.g. [56,71,53]). Published research also lacks consensus on whether the EOL phase of the
battery life cycle is a minor contributor to total life-cycle impacts, and
can therefore be omitted with little error; or whether its impacts are
of similar magnitude to the manufacturing and/or use phases, and
therefore warrant careful analysis. For instance, Oliveira et al. [74] estimate that the climate change impact of battery recycling (driven largely
by energy requirements) is approximately 25% of the total life-cycle impact, and approximately equal to that of cell manufacturing.
Many studies focus on the relative impacts of different lithium battery chemistries. This is a potentially useful sensitivity analysis for
EOL-phase impacts. However, many battery system components, and
much of the system mass, are shared by all battery chemistries (e.g. copper and aluminum current collectors, glycol-based electrolytes, carbon
black for electrode paste, metals contained in power electronics), and
the fraction of impacts resulting from these components are substantial
[29]. Subsequent analysis should ﬁrst assess whether the likely variation
in impacts among different lithium battery chemistries is in fact significant compared to the manufacturing and disposal impacts of the components that are found in all systems.
Use of a broader array of environmental impact categories in EOL assessment would provide more complete information. Every existing
LCA that includes EOL phase impacts assesses global warming potential
or GHG and embodied energy/energy use. However, very few of the 28
LCA studies that include EOL assess other important indicators such as
resource depletion (4 papers), acidiﬁcation (5 papers), abiotic depletion
potential (4 papers), and human or eco-toxicity (3 papers). This focus
on GHG-related impacts may be currently warranted for many studies
given the lack of primary manufacturing data, and limited information
on use and EOL phases from real-world deployments. Addressing
these data gaps should be a future research priority.
In summary, EOL is increasingly being considered in LCAs of LIB storage. However, as most studies still focus on EV applications, and the EOL
phase analyses virtually all focus on only recycling, additional data and
analyses are needed. Potential data sources that have been useful for improving understanding of photovoltaic module recycling processes are
surveys in regions where recycling programs already exist, perhaps
due to regulatory mandates [86, 87] Another relevant example project
is a recent effort at the EPA in their design-for-the-environment division, in an LCA to identify issues related to the use of nanoparticles in
LIB manufacturing [48].
A cross-sector LCA consortium is a potentially effective approach to
address these research gaps. This is a demonstrated approach to harmonize information about environmental impacts of various EOL management strategies. For example, the International Energy Agency (IEA)
formed the Photovoltaic Power System Programme Task 12 on Sustainability to harmonize practices for LCAs of photovoltaics. The group
meets annually to discuss new criteria and frameworks for evaluating
impacts from that technology [88].
5. Summary and future research needs
The few existing LCA studies of stationary LIB storage systems show
consensus on several key points. They also contain a number of gaps to
address in further studies.

5.1. Future research needs for LCA of grid-scale stationary LIB ESS
We propose several recommendations for future LCA studies of LIB
ESSs, which reﬂect both unaddressed research needs and emerging
points of consensus results in the literature to date. These are listed in
Table 9 and discussed below.
5.1.1. Recommendation #1: Incorporate use phase impacts into full LCA of
grid-scale stationary LIB ESS
There is strong consensus among existing LCA studies of stationary grid-connected LIB ESSs that use-phase impacts are a signiﬁcant
(or even dominant) contributor to overall life-cycle impacts. This is
a consistent result among the few studies of grid-connected stationary ESSs that have explicitly modeled different use cases and corresponding operational proﬁles. In spite of this consensus, and the
accelerating examination of grid-connected applications of storage
by stakeholders [2,3,4,5], to date only four studies have incorporated
explicit use cases, and corresponding operational proﬁles, into a full
LCA study.
Future LCA studies on the environmental impact of grid-connected
LIB ESS should incorporate use-phase impacts; or, if restricted in scope
to production phase or EOL, should note that use phase has been
found to be a major contributor to overall life-cycle impacts.
5.1.2. Recommendation #2: Ensure relevant modeling of LIB ESS dispatch
when estimating use-phase impacts of grid-connected stationary LIB ESS
Existing LCA studies of grid-connected stationary LIB ESSs that assess use-phase impacts are based on ESS operational proﬁles that do
not fully reﬂect the “value-stacking” operational strategy that may be
used by LIB ESS owners. Provision of multiple services simultaneously is a recognized capability of LIB ESS, and is consistently considered when evaluating project economics. Several existing studies
examine the impacts of grid-scale LIB ESSs separately for multiple
applications; however, currently no LCA study of grid-scale LIB ESSs
considers dispatch proﬁles, and consequential impacts involving
unit commitment, for an ESS providing multiple services. The wide
range of potential applications for grid-connected LIB ESS, their
ability to serve multiple applications simultaneously, and the lack
of robust information about actual use proﬁles are challenges for
assessing use-phase impacts.
Real-world operational proﬁle scenarios should be incorporated into
the use phase assessment of future LCA studies of grid-scale LIB ESSs. In
particular, future studies will more closely reﬂect real world operation
when they:
a. Incorporate ESS dispatch proﬁles under well-deﬁned scenarios that
specify relevant cost and beneﬁt considerations (such as electricity
market revenue opportunities and investment deferral value).
b. Incorporate ESS dispatch proﬁles that reﬂect proﬁt-maximizing
operation when providing multiple services simultaneously
(“value stacking”).
c. For studies of grid-scale LIB ESS in future grid scenarios: Use
projected future grid resource mixes that account for the possibility that grid-scale ESS deployment may decrease the value of certain grid assets, decrease investment in them, and reduce their
future deployment, thus affecting the resource mix of the future
grid.
Suitable dispatch optimization tools to enable this are available and
well-documented. The role of energy storage on the grid is likely to
change over time, as governing regulations and grid management
needs evolve, so dispatch proﬁles used for LCA assessments should be
updated regularly. They are likely to be very regionally speciﬁc, due to
varying regulatory requirements, policy incentives, electricity market
provisions, and system needs (particularly related to the share of

Table 8
A summary of LCA studies of LIB systems that use materials inventories based on primary data. “*” next to the author name indicates a study whose LCI is widely cited in other studies.
Author (Year) – Study
description

Battery chemistries
LIB cathode

Other

System
Boundary

LCI data sources
(Cell, Material,
Assembly,
CTG Use EOL
Recycling)

Functional unit
(s)

Impact
categories

General ﬁndings

• Emissions are highly dependent on the
emissions intensity of the grid during
charge/ discharge, as well as material
product emissions and operating conditions.
• Battery production is 5–15% of vehicle
operation GHG emissions (based on
VKT).
• High throughput facilities reduce the
impacts of battery assembly.
• Recycling can reduce life cycle impacts,
especially with high capacity facilities.

Ambrose & Kendall
(2016) [32] – vehicle
battery LCA
comparing different
LIB chemistries

•
•
•
•
•

NCA
NMC
LMO
LFP
LMO-LTO

✓

✓

✓

• kWh capacity
• C: BatPaCa
• M: GREETb
• VKT
• A: average from
literature
• R: Wang et al. [64]
and Gaines and
Nelson [36]

• GWP

Dunn et al. (2015) [56] –
vehicle battery LCA
focusing on
production energy
and recycling;
compares assembly to
metal supply chain
*Ellingsen et al. (2014)
[39] – vehicle battery
LCA with a detailed
NMC battery
inventory

•
•
•
•
•

NMC
LMO
LFP
LCO
LMR-NMC

✓

✓

✓

• C,M,A: ANL/ESD-14/10 [49]
• M: GREET
• R: Umicore,
Retreive Tech,
Onto

kg cathode
material
kg battery
VKT

• GWP
• CED
• SOx

• NMC

✓

–

–

• C: own data, [34]
• M: [34]
• A: primary data
from battery
producer

• one battery
pack
• kg battery
• kWh capacity

• GWP
• ReCiPec

• NMC

✓

✓

–

• C,M: [34]

• MWh delivered over 20
years

• GWP
• ReCiPe

• LMO
• LFP

✓

✓

✓

• C,M,A: [34]

• kWh
delivered

• GWP
• CED
• ReCiPe

• NMC
• LFP

✓

✓

✓

• kWh
delivered

• GWP
• CED
• ReCiPe

• LMO

✓

–

✓

• 1 VKT on
European
road network

•
•
•
•
•

GWP
CED
ADP
PM, NOx, SOx
Ecoindicator
99

• LMO
• NMC
• LFP

✓

–

–

• C,M: own data,
based on
Ecoinvent v2.2d
and others
• A: [31]
• C: own data
• M: own data,
Ecoinvent v2.01
• R: Disposal data
from EcoInvent,
but aggregate
vehicle and battery impacts
• C,M,A: [34,40]
• C: own data
• M: GaBi4e

• VKT

•
•
•
•

GWP
CED
ADP
(others)

• LMP - Li ✓
polymer

✓

✓

• M, C – EcoInvent
• A- undisclosed
battery manufacturer
• R-

• 6 MWh
battery, 75
kWh battery

IMPACT

• C,M,A: own data,
processes from
SimaProf

• one battery

Hiremath et al. (2015)
[29] – stationary
battery LCA
comparing LIBs to
other batteries
Messagie et al. (2015)
[72] –battery LCA
comparing two LIB
chemistries; also
Oliveira et al. 2015
[74]
*Majeau-Bettez et al.
(2011) [34] – vehicle
battery LCA with
transparent and
widely-cited LCI
*Notter et al. (2010) [40]
– vehicle battery LCA
comparing EVs to
ICEVs

US-EPA (2013) [48] –
thorough vehicle
battery LCA
comparing three LIB
chemistries
Vandepaer et al. (2017)
[42] - LCA of Lithium
Metal Polymer and LIB
stationary batteries

• LFP

Yu et al. (2012) [85] –
• NMC
probabilistic LCA using
Monte Carlo
simulation to model
uncertainty
a

• NiMH

✓

–

–

•
•
•
•
•

GWP
ADP
Acidiﬁcation
Carcinogens
Mineral
extraction

• Eco-indicator
99g

• Battery cell manufacturing, positive electrode paste, and negative current collector are the most impact-intensive
production chains.
• GWP reductions can be achieved by
reducing energy demand in cell manufacture and using cleaner electricity in
production.
• Impacts per unit of energy are greatly
affected by round-trip efﬁciency and stationary application.
• The use stage dominates life cycle
impacts.
• Overall environmental performance is
strongly dependent on efﬁciency and
electricity mix.
• The use stage dominates life cycle
impacts.
• Both LIB chemistries outperform NiMH.
• The choice of functional unit is important.
• Manufacturing energy is a main driver
for GWP impacts.
• Life cycle impacts are dominated by the
operation phase.
• Battery impacts are driven by metal supply (copper and aluminum) and process
energy.
• Lithium components do not contribute
signiﬁcantly to ADP impacts.
• Higher impacts are associated with cathodes containing cobalt and nickel (NMC)
compared to LMO and LFP.
• Impact can also be reduced by increasing
battery lifetime and reducing metal use.
• Steel & cement dominate container
impacts
• LIBs have greater impacts to ozone
depletion and global warming impacts
than LMP units
• Centralized battery system conﬁgurations have fewer environmental impacts
than distributed systems with more but
smaller storage units
• The NMC LIB exhibited lower impacts
than the NiMH battery.
• Main LIB impacts are human health and
ecosystem quality.

Argonne National Laboratory's BatPaC: A Lithium-Ion Battery Performance and Cost Model (BatPaC) for Electric-Drive Vehicles. http://www.cse.anl.gov/batpac/.
Argonne National Laboratory's Greenhouse Gas, Regulated Emissions, and Energy Use in Transportation model (GREET).
ReCiPe is a method of impacts assessment with numerous environmental indicators such as global warming, particulate matter, tropospheric ozone formation, ionizing radiation,
stratospheric ozone depletion, human toxicity (cancer and noncancer), water use, freshwater ecotoxicity, freshwater eutrophication, terrestrial ecotoxicity, terrestrial acidiﬁcation, land
use, marine ecotoxicity, mineral resources, and fossil resources. The primary objective of the ReCiPe characterization method is to transform the long list of life cycle inventory results into
a more limited number of indicator scores, which express the relative severity on an impact category. Unlike other approaches it does not include potential impacts from future extractions
in the impact assessment, but assumes such impacts have been included in the inventory analysis. For more information go to: http://www.lcia-recipe.net/home
d
LCI database, which provides well-documented process data for over thousands of products: http://www.ecoinvent.org/home.html
e
GaBi is an LCA database containing over 10,000 Life Cycle Inventory proﬁles based on primary industry data: http://www.gabi-software.com/index/
f
Sima Pro is LCA software: https://simapro.com/
g
The Eco-indicator methodology is an LCA weighing method specially developed for product design. It aggregates LCA results into easily understandable and user-friendly numbers or
units, the so-called Eco-indicators, which can be regarded as dimensionless ﬁgures. There are 99 indicators, impact categories, related to materials, production-; transport-; and energy
generation processes, and disposal scenarios. Note that European data are used for these calculations.
b
c
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Table 9
Recommendations for future LCA studies of LIB ESSs.
Recommendation
1. Incorporate use phase impacts into full life-cycle LCA of grid-scale stationary LIB
ESS
2. Ensure relevant modeling of LIB ESS dispatch when estimating use-phase
impacts of stationary LIB ESS
3. Ensure complete materials inventories than include all balance-of-system
components relevant for grid-scale stationary LIB ESS
4. Incorporate end-of-life impacts into environmental impact assessment of
grid-connected stationary LIB ESS, including both recycling and other end-of-life
scenarios
5. Compile reliable primary data on energy intensity of LIB manufacturing

variable renewable generation in the relevant market region or
balancing authority).

5.1.3. Recommendation #3: Ensure complete materials inventories than
include all balance-of-system components relevant for grid-scale
stationary LIB ESS
Most LCA studies of LIB are speciﬁcally for LIBs used in vehicles, and
therefore they do not consider a range of balance-of-system components that are standard for stationary LIB ESS, such as large cooling systems and steel housings. Excluding these components from the
materials inventory is likely to result in an underestimate of production
phase impacts.
Studies that focus on production phase impacts, or that ﬁnd production phase to be an important contributor to total life cycle impacts,
should develop materials inventories that include balance of system
components such as enclosures, cooling systems, and power conditioning systems as they are currently implemented for multi-MW scale LIB
ESSs.

5.1.4. Recommendation #4. Incorporate end-of-life impacts into environmental impact assessment of grid-connected stationary LIB ESS, including
both recycling and other end-of-life scenarios
Very few studies compare the environmental impacts of the end-oflife (EOL) phase of the life cycle to those of the manufacturing and use
phases by including all three stages within a single LCA study (Table
2). Several studies suggest that use phase is the dominant contributor
to the global warming potential (GWP) of stationary grid-scale ESSs.
However, because of the very few studies that evaluate use phase and
EOL impacts together within a consistent assessment framework, it is
difﬁcult to conclude whether EOL phase is a signiﬁcant contributor to
overall life cycle impacts. Further analysis, incorporating EOL together
with other life cycle stages, can provide a ﬁrmer basis for this
assessment.
In addition, other environmental impacts are more inﬂuenced by
production phase – and potentially by EOL treatment – than by use
phase. Material recovery at end of life is also a key consideration for critical materials availability. Finally, advance awareness of LIB ESS disposal
requirements and impacts is of crucial importance to utility companies
and other prospective system owners for project design and investment
decision-making. Thus, additional research on battery EOL management
remains critical for improving LCAs.
Another concern is that EOL pathways other than recycling have
been overlooked in LCA analyses to date. Although many studies analyze the environmental beneﬁts of LIB recycling, in fact recycling is not
currently a practical option for large stationary LIB ESSs. LIB recycling
is at an early stage of technology development, and its proﬁtability is
regarded as uncertain by major recycling entities. While this will likely
change in the future, at this time, studies that analyze the environmental beneﬁt of LIB recycling are optimistic and prospective. Anecdotal experience from utility company system owners suggests that disposal is a
likely near-term EOL pathway. Additionally, disposal is important as a

baseline consideration against which future recycling scenarios can be
compared.
Future analyses should consider a range of EOL scenarios: disposal,
recycling, remanufacturing and reuse. Non-recycling pathways should
be included for several reasons:
• Comprehensive impact analysis, incorporating realistic EOL options, is
important for understanding the environmental beneﬁts and drawbacks of energy storage technologies compared to alternative approaches to managing evolving grid challenges.
• Utilities, regulators and other stakeholders prefer to have full information about all potential liabilities associated with a major investment.
Decommissioning of LIB systems can be expensive and time consuming. Potential LIB ESS asset owners will beneﬁt substantially from
transparent and systematic assessment of EOL costs.
• Such analysis can provide important insights to help develop a robust,
sustainable and effective recycling infrastructure for grid-scale LIB
ESSs.

5.1.5. Recommendation #5: Compile reliable primary data on energy intensity of LIB manufacturing
Reported values of energy intensity of LIB cell manufacturing vary
over two orders of magnitude. This magnitude of uncertainty has the
potential to result in impact estimate ranges that exceed the range
due to other variables, such as battery chemistry or transportation distance, which have received ample attention in the literature. The evolving diversity of cell chemistries, designs, and manufacturing processes
complicates estimation of manufacturing energy requirements.
Battery manufacturers are the key partners able to provide accurate
primary data. In order to be successful, any partnership with the battery
industry to enable provision of primary data must address the competitive business considerations of the companies involved. The industry/
government/ academic/ laboratory consortium that developed the LCA
for EV battery applications in [48] provides an instructive example. A
similar effort with a focus on grid-scale stationary LIB ESSs could help
set priorities for data collection in the future, and develop a framework
within which to compile and analyze such data. An impartial technical
organization can help advance the state of knowledge on this topic by
convening such an effort.

5.2. Conclusion and outlook
Future studies that incorporate these approaches will more closely
reﬂect current stationary energy storage industry practice in key LCA
parameters. Such studies will provide more robust and accurate insights
about the environmental impact of grid-connected stationary LIB ESSs
for asset owners (utility companies and project developers), regulators,
investors, and other stakeholders.
Partnerships with relevant industry stakeholders at each life-cycle
phase will be critical to achieve more robust insights. While the LCA
practitioner's need for primary data on energy requirements of
manufacturing is a challenge given the conﬁdentiality requirements of
the manufacturers, there is a strong precedent for a cross-sector stakeholder consortium to advance the state of knowledge based on current
industry practice while meeting manufacturers' conﬁdentiality requirements. Close collaboration with utility companies, project developers,
and other asset owners will be required to establish more accurate representations of the operational proﬁles of grid-connected stationary LIB
ESS (and periodically update them as operational strategies evolve).
Similarly, accurate representation of EOL pathways will beneﬁt from
partnerships with asset owners and waste management companies.
As grid-connected stationary LIB ESSs play a growing role in an
evolving grid, these steps will help provide more relevant environmental impact insights to enable fully informed decision making.
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